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Modular generation of fluorescent phycobiliproteins†
Xian-Jun Wu,a,b Kun Chang,b Juan Luo,b Ming Zhou,b Hugo Scheerc and
Kai-Hong Zhao*b
Phycobiliproteins are brightly-fluorescent light-harvesting pigments for photosynthesis in cyanobacteria
and red algae. They are also of interest as fluorescent biomarkers, but their heterologous generation
in vivo has previously required multiple transformations. We report here a modular approach that
requires only two DNA segments. The first codes for the apo-protein. The second codes for fusions
capable of chromophore biosynthesis and its covalent attachment to the apo-protein; it contains the
genes of heme oxygenase, a bilin reductase, and a chromophore lyase. Phycobiliproteins containing phyco-
erythrobilin (λfluor ∼ 560 nm), phycourobilin (λfluor ∼ 500 nm), phycocyanobilin (λfluor ∼ 630 nm) or phyco-
violobilin (λfluor ∼ 580 nm) were obtained in high yield in E. coli. This approach facilitates
chromophorylation studies of phycobiliproteins, as well as their use for fluorescence labeling based on
their high fluorescence.
Introduction
Phycobiliproteins are brightly fluorescing photosynthetic light-
harvesting pigments.1–3 In cyanobacteria and red algae they
are the major components of the large antenna complexes, or
phycobilisomes, which consist of a core complex with radiat-
ing rods. The rods contain phycocyanin (PC) and often also
phycoerythrins (PE) or phycoerythrocyanin (PEC), while the
core contains allophycocyanins (APC) and a core–membrane
linker.4 PEs and PEC absorb between 500–560 nm and fluor-
esce at 580 nm, PC absorbs at 615 nm and fluoresces at
635 nm (for an example on the absorption and fluorescence
properties, see Fig. 1). APC absorbs between 610–650 nm and
fluoresces at 660 nm, while the core–membrane linker absorbs
between 610–660 nm and fluoresces at 670 nm.5 When
assembled in the phycobilisome, they form a highly-efficient
cascade where excitation energy is transferred from high
energy PE or PEC via PC to low energy APC, and eventually is
funneled downwards via the core–membrane linker to the reac-
tion centers.1 The high fluorescence yield of the biliproteins
contributes to the high-efficiency energy transfer, which, in
principle, also makes them excellent candidates for fluorescent
biomarkers.6–8
There are four types of chromophores covalently attached to
the phycobiliproteins, namely, phycocyanobilin (PCB), phyco-
erythrobilin (PEB), phycoviolobilin (PVB) and phycourobilin
(PUB).3,9,10 All are derived from heme, which is first oxidatively
cleaved by heme oxygenase, HO1, to biliverdin,11 followed by
an enzymatic reduction to PCB through the function of PCB:
ferredoxin oxidoreductase, PcyA;12 if PEB is formed, the PEB:
ferredoxin oxidoreductase (PebA/PebB or PebS) is acting
instead.13,14 Then the chromophores are attached to cysteine
residues of their apoproteins by a set of lyases. Some of these
lyases are, in addition, capable of isomerizing PCB to PVB, or
PEB to PUB.15–18
In principle, the strong fluorescence and their variation in
excitation and emission wavelengths make phycobiliproteins
excellent tools for intracellular applications. The need for chro-
mophore biosynthesis and enzymatic attachment, however,
has largely restricted such applications.6 It could be shown
more recently that cyanobacterial phycobiliproteins have also
been assembled heterologously in E. coli.9,10 This latter
approach required the multi-plasmid-based production of: (i)
the apoprotein, (ii) heme oxygenase, (iii) one or more
reductases required to generate the chromophore from biliver-
din, and (iv) one or more lyase(s).19–21 A somewhat simplified
approach reducing the number of plasmids required for trans-
formants capable of producing biliproteins has recently been
demonstrated.22 It is based on expressing the structural gene
fused to genes coding for chromophore biosynthesis from
endogenous heme. It requires the introduction of only a single
gene for labeling and yields fluorescent proteins, which,
however, as a disadvantage, exhibit a rather large size due to
the fusion approach.22 We now report a modular alternative
using two sets of plasmids, by this we are able to overcome the
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above-mentioned obstacles. Each member of the first set con-
tains a single gene coding for one of the apoproteins.
Members of the second set contain, as fusions, all genes
required for biosynthesis of a particular chromophore plus its
attachment to the desired apoprotein site. By transformation
with appropriate pairwise combinations of one member of
each set, phycobiliproteins with a molecular weight of
∼16 kDa and fluorescing in various colors could be produced




All genetic manipulations were carried out according to stan-
dard protocols.23 In order to construct plasmids for fluo-
rescence labeling of cells in various colors, appropriate gene
segments were PCR-amplified from the following previously
reported plasmids with the primers listed in the supplement
(Table S1†): pET-cpcB carrying cpcB that encodes the apo-
protein of the β-subunit of PC (β-CPC);24 plasmid pET-pecA
carrying pecA that encodes the apo-protein of α-PEC of Mastigo-
cladus laminosus;15 dual plasmid pACYC-ho1-pcyA carrying ho1
and pcyA of Nostoc sp. PCC7120 (Nostoc) that yields PCB in
E. coli;21 dual plasmid pACYC-ho1-pebS carrying ho1 and pebS
that yields PEB in E. coli;25 pCDF-cpcS carrying cpcS that
encodes the S-type lyase of Nostoc;26 pCDF-cpcT carrying cpcT
that encodes the T-type lyase of Nostoc;24 and pCDF-rpcG carry-
ing rpcG that encodes RpcG (isomerase-lyase) of Synechococcus
sp. WH8102 (Synechococcus).15
All PCR products were ligated into the cloning vector pBlue-
script (Stratagene). After sequence verification, the gene
segments were subcloned into the expression vectors pACYC,
pCDF or pET30 (Novagen) (Table S2†). For various color fluo-
rescence labeling of cells, the pACYC-derived vectors, pCDF-
derived vectors or pET30-derived vectors were transformed
into E. coli Tuner™ (DE3) (Novagen) according to the combi-
nations in Table S2.† The multiply-transformed cells were cul-
tured at 18 °C in Luria-Bertani (LB) medium supplemented
with kanamycin (20 μg ml−1), chloromycetin (17 μg ml−1) or
streptomycin (50 μg ml−1). We adjusted the growth tempera-
ture and expression time after induction of cells, instead of
the concentration of isopropyl β-D-thiogalactoside, which lets
phycobiliproteins be assembled gradually and cells be labeled
well. After induction with isopropyl β-D-thiogalactoside (1 mM)
for 4–12 hours, the cells were centrifuged at 12 000g for
3 minutes at 4 °C.
Protein assay
For isolation of the fluorescent proteins, the cell pellet was
resuspended in ice-cold potassium phosphate buffer (KPB,
20 mM, pH 7.0) containing 0.5 M NaCl and disrupted by soni-
cation for 5 min at 200 W (JY92-II, Scientz Biotechnology,
Ningbo, China). The suspension was centrifuged at 12 000g for
15 min at 4 °C and the supernatant purified via Ni2+-affinity
chromatography on chelating Sepharose (Amersham Bio-
sciences) developed with KPB containing 0.5 M NaCl. The
bound proteins remaining on the column were eluted with the
saline KPB, containing in addition imidazole (0.5 M). After col-
lection, the protein sample was dialyzed twice against the
saline KPB.21
Protein concentrations were determined by the Bradford
assay,27 calibrated with bovine serum albumin and SDS-PAGE
was performed using the buffer system of Laemmli.28 Proteins
Fig. 1 Absorption (----) and fluorescence emission spectra (---) of PVB-PecA (A), PCB-CpcB(C-84) (B), PCB-CpcB(C-155) (C), PUB-PecA (D), PEB-CpcB(C-84) (E),
PEB-CpcB(C-155) (F). The biliproteins were generated by combination of the apoprotein and biosynthesis plasmids shown in Table S2,† purified with Ni2+ affinity
chromatography and then kept in KPB (20 mM, 0.5 M NaCl, pH 7.0). Emission spectra were obtained by excitation at 550 nm for PVB-PecA, 590 nm for PCB-CpcB
(C-84), 560 nm for PCB-CpcB(C-155), 470 nm for PUB-PecA, 520 nm for PEB-CpcB(C-84), and 500 nm for PEB-CpcB(C-155).
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were stained with Coomassie brilliant blue and those contain-
ing bilins were identified by Zn2+-induced fluorescence.29
Spectral analyses
All chromoproteins were investigated by UV-Vis absorption
spectroscopy (Beckman-Coulter DU 800). Covalently bound
PCB, PEB, PUB or PVB in biliprotein derivatives were quanti-
fied after denaturation with acidic urea (8 M, pH 1.5) by their
absorption at: 662 nm (ε = 35 500 M−1 cm−1) for PCB;30
550 nm (ε = 42 800 M−1 cm−1) for PEB;31 495 nm (ε = 104 000
M−1 cm−1) for PUB;32 and, 595 nm (ε = 38 600 M−1 cm−1) for
PVB.33 Fluorescence spectra were recorded at room tempera-
ture with a model LS 55 spectrofluorimeter (Perkin-Elmer).
Fluorescence quantum yields, ΦF, were determined in KPB
(pH 7.0) using the known ΦF = 0.27 of C-PC from Nostoc
34 and




The appropriate strains were induced to express the required
phycobiliprotein label and grown for several hours, until the
fluorescence became visible by eye. After harvesting, the cells
were deposited on a glass slide, and micrographs taken with a
fluorescence microscope (Immersol 518F, Carl Zeiss) fitted
with a color CCD camera (SPOT RT3 25.2 2 Mp color Mosaic,
SPOT).
Results and discussion
Fusions of phycobiliprotein lyases, HO1 and PcyA (or PebS)
have the activities of both lyases and phycobilin biosynthesis
It was shown earlier that the heterologous biosynthesis of bili-
proteins can be simplified by using fusion proteins; an
example is the fusion of HO1::PcyA which produces PCB in
E. coli.22 This approach has now been extended by adding a lyase
gene, rpcG, cpcS or cpcT, to the plasmid containing ho1::pcyA.
The resulting plasmids in E. coli generated the following
fusion proteins: RpcG::HO1::PcyA; CpcS::HO1::PcyA; and
CpcT::HO1::PcyA (Table S2†). The first product contains the
E/F type of isomerase-lyase, RpcG in which the E and F
subunits are already fused; it can isomerize PCB to PVB and
PEB to PUB, and then simultaneously attach the isomerized
bilins to suitable apo-proteins.15 All three activities of the ori-
ginal enzyme components were still active in the fusion
product, as shown by co-expression with appropriate apopro-
teins yielding orange-fluorescent proteins carrying the PVB
chromophore (Fig. 1A). Thus, only two, instead of four, DNA
segments have to be introduced to generate fluorescent holo-
proteins (Table S2†). Similarly, red-fluorescent proteins were
generated by constructs combining the PCB generation (HO1,
PcyA) with the non-isomerizing S- or T-type lyases (Fig. 1B and
C). S-type lyases catalyze the covalent attachment of PCB at
C-84 of both β-CPC and β-PEC, and at many other related sites
of both subunits of APC and PE. T-type lyases are specific for
the C-155 site of both β-CPC and β-PEC.24,26,36
In order to expand the spectral variation of fluorescent bili-
protein labels, biliverdin has been attached to the variants
derived from bacterial phytochrome.37,38 However, neither phy-
cobiliproteins nor phycobiliprotein lyases could accommodate
biliverdin,9 so PEB was tried in this work. PEB can be syn-
thesized from biliverdin by the heterodimeric PebA/PebB
lyase;12 the single-subunit lyase, PebS, combines the activities
of both subunits.13 We therefore chose pebS for PEB pro-
duction and generated the following constructs: rpcG::ho1::
pebS; cpcS::ho1::pebS; and, cpcT::ho1::pebS (Table S2†). RpcG::
HO1::PebS had both isomerase-lyase activity from RpcG and
PEB-producing activity from HO1::PebS. Together with a suit-
able apo-protein such as, for example, PecA (apo-α-phycoery-
throcyanin), bluish-green fluorescing phycobiliproteins
containing PUB can be obtained (Fig. 1D).15 CpcS::HO1::PebS
or CpcT::HO1::PebS combined S-lyase or T-lyase activity with
PEB-producing activity. Together with suitable apo-proteins
such as, for example, CpcB (apo-β-phycocyanin), this resulted
in orange fluorescing phycobiliproteins containing PEB
(Fig. 1E and F).15
When RpcG or CpcT were fused with either HO1::PcyA or
HO1::PebS, the relative activities were lower (∼50%) compared
with the formerly reported four-plasmid approach
(Table 1);15,21 however, when the fusion constructs contained
cpcS, the holoprotein yield was actually increased compared
with the four-plasmid approach. When CpcS was fused with
Table 1 Quantitative absorption and fluorescence data of the fused phycobiliproteins
Fused phycobiliproteins
Absorption Fluorescence
Fused enzymes Relativea activityλmax [nm] εVis [M
−1 cm−1] λmax [nm] ΦF
PVB-PecA 564 9.6 (±0.2) × 104 582 0.07 (±0.01) RpcG::HO1::PcyA 40%
PUB-PecA 494 15.2 (±0.3) × 104 506 0.25 (±0.01) RpcG::HO1::PebS 58%
PCB-CpcB(C-84) 616 12.9 (±0.4) × 104 641 0.16 (±0.01) CpcS::HO1::PcyA 132%
PEB-CpcB(C-84) 553 13.7 (±0.2) × 104 566 0.80 (±0.02) CpcS::HO1::PebS 265%
PCB-CpcB(C-155) 592 11.1 (±0.5) × 104 621 0.49 (±0.02) CpcT::HO1::PcyA 58%
PEB-CpcB(C-155) 531 8.7 (±0.5) × 104 551 0.99 (±0.02) CpcT::HO1::PebS 66%
Spectra were obtained in potassium phosphate buffer (20 mM, pH 7.0). Extinction coefficients and fluorescence yields were averaged from two
independent experiments. a Relative activities are given in comparison to four-plasmid experiments15,21 with the same individual enzymes and
apoproteins.
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HO1::PcyA and, especially, with HO1::PebS, the relative activi-
ties were markedly enhanced (see Table 1): the effect is particu-
larly striking (160% enhancement) with CpcS::HO1::PebS.
CpcS catalyzes the chromophorylation of phycobiliproteins by
a chaperone-like process.39 It first binds phycobilin in an
appropriate conformation, and then shuttles phycobilin to the
apo-phycobiliprotein. The fusion may facilitate the shuttling
process. Lower yields can have various reasons, including, in
particular, conformational changes caused by the fusion.
The fusions can be applied in various color fluorescence
labeling
The activity of fusions containing lyases and phycobilin-yield-
ing enzymes (Table 1) considerably simplifies the biosynthesis
of phycobiliproteins: in their presence, apo-phycobiliproteins
are smoothly chromophorylated (Fig. 1). The resulting singly-
chromophorylated phycobiliproteins fluoresce in the green,
yellow/orange or red spectral regions, depending on the pres-
ence of PUB, PEB/PVB or PCB, respectively, as chromophore
(Fig. 2). The well-separated narrow excitation and fluorescence
emission bands are advantageous for multi-color labeling
(Fig. 2). A combination of PEB as donor with PCB as acceptor
is difficult because most lyases and apoproteins do not dis-
criminate these chromophores. A better approach for two-color
labeling is by combining a non-modifying apoprotein with a
modifying apoprotein. This is similar to the biosynthesis of
phycoerythrocyanin, where PCB is attached unmodified to the
β-subunit, while being transformed to PVB in the α-subunit;
this provides for excellent FRET in cyanobacterial light-harvest-
ing. Using PecA with CpcB(C-84) in combination with PCB, the
absorption maxima are at 564 and 616 nm, the fluorescence
maxima at 582 and 641 nm; combining them instead with
PEB, the absorption maxima are at 494 and 553 nm, and the
fluorescence maxima at 506 and 566 nm (Table 1). These are
good separations for FRET experiments, they can even be
enlarged if the modifying apoprotein is generating a urobilin
chromophore as donor (absorption at 430 nm).
The results with the three lyases in this study indicate that
the same approach may be extended to other apoproteins and
lyases. The two-plasmid approach principally allows any com-
bination of chromophore with a suitable apoprotein. The
approach is restricted by the specificity of some of the lyases,
but the known matched combinations can generate bilipro-
teins that cover practically continuously the spectroscopic
region from 500–670 nm.9,10,16,40,41 On multi-color labeling,
auto-catalytic biliproteins that can be chromophorylated in the
absence of lyases, such as the chromophore domains of phyco-
bilisome core–membrane linker and/or cyanobacterio-
chromes,22,25 could be applied. Since the biliproteins are auto-
catalytically chromophorylated, we do not need more lyases for
multi-color labeling, so simplifying the construction of plas-
mids. The approach is also advantageous compared with pre-
viously used single-plasmid approaches that generated rather
large chromophore-containing fusion proteins.22 Instead, the
approach now generates biliproteins of only ∼150 amino acids,
which is an essential pre-condition for applications as protein
tags in living cells. It also allows rapid screening for further
downsizing, and seems at the same time useful for studying
not only phycobiliprotein biosynthesis but also phycobilisome
assembly, besides many imaginable applications in studying




HO1 Heme oxygenase 1
KPB Potassium phosphate buffer
Nostoc Anabaena (Nostoc) sp. PCC 7120
PC Phycocyanin (prefixes stand for C: cyanobac-
teria, R: rhodophyte)
PCB Phycocyanobilin






RpcG Phycourobilin: α-R-PC isomerase-lyase of Synecho-
coccus
Synechococcus Synechococcus sp. WH8102.
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Fig. 2 In situ fluorescence of phycobiliproteins generated in E. coli cells by the
two-plasmid approach. Fluorescence micrographs of PVB-PecA (A), PCB-CpcB-
(C-84) (B), PCB-CpcB(C-155) (C), PUB-PecA (D), PEB-CpcB(C-84) (E), and PEB-CpcB-
(C-155) (F). The biliproteins were generated by combination of the apoprotein
and biosynthesis plasmids shown in Table S2.† Fluorescence measurements
were done with an excitation filter (540–552 nm) and a long-pass fluorescence
filter (≥590 nm) for chromoproteins containing PCB or PVB, and with an exci-
tation filter (450–490 nm) and a long-pass fluorescence filter (≥515 nm) for
chromoproteins containing PEB or PUB.
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